A multiplex RT-PCR method was used to measure virus occurrence at five stream water sites that span a range of hydroclimatic, water-quality, and land-use characteristics. The performance of the molecular method was evaluated in comparison with traditional cell culture and Escherichia coli membrane filtration assays. The study incorporated multiple quality controls and included a control for virus recovery during the sampling procedure as well as controls to detect potentially false-negative and false-positive data. Poliovirus recovery ranged from 16 to 65% and was variable, even in samples collected within the same stream. All five sites were positive for viruses by both molecular and cell culture-based virus assays. Enteroviruses, reoviruses, rotaviruses, and hepatitis A viruses were detected, but the use of the quality controls proved critical for interpretation of the molecular data. All sites showed evidence of faecal contamination, and culturable viruses were detected in four samples that would have met the US Environmental Protection Agency's recommended E. coli guideline for safe recreational water.
INTRODUCTION
More than 100 types of human pathogenic viruses may be present in faecal-contaminated waters (Havelaar et al. 1993 ). These viruses cause a variety of waterborne diseases, including gastroenteritis, infectious hepatitis, meningitis, respiratory disease, and eye infections (Cukor & Blacklow 1984; Melnick 1984; Lebaron et al. 1990 ). The fact that enteric viruses cause disease in individuals who are exposed to contaminated water has been shown directly through outbreaks associated with recreational use and inadequately treated drinking water (Baron et al. 1982; Gray et al. 1997; Levy et al. 1998; Kukkula et al. 1999) , and indirectly through studies of swimming-related disease (Cabelli et al. 1979 (Cabelli et al. , 1982 van Asperen et al. 1998) .
Typically, bacterial indicators of sewage and animal wastes, such as total or faecal coliforms, Escherichia coli (E. coli), enterococci or bacteriophages, are used to determine the sanitary quality of water and the public-health risk from waterborne disease (Cabelli et al. 1982; Havelaar et al. 1993) . Although use of these faecal indicators has significantly reduced the risk of illness, these surrogates are not always reliable indicators of the presence of human pathogenic viruses (Gerba et al. 1979; Rose et al. 1987; Griffin et al. 1999) . Improved and validated methods for direct detection of viruses in water are needed to further protect human health in these situations.
Reverse Transcription-Polymerase Chain Reaction (RT-PCR) methods often detect more viruses in environmental waters than do cell culture methods. In a study of groundwater samples from 448 sites from 35 states, 141 sites (31.5%) tested positive for the presence of enteric viruses by RT-PCR, whereas only 21 sites (4.7%) tested positive for infectious viruses by cell culture (Abbaszadegan et al. 1999a (Abbaszadegan et al. , 1999b . In an RT-PCR analysis of 11 surface water samples from North Carolina, nine were positive for enteric viruses by use of an immunocapture concentration and purification method and four were positive by cell culture infectivity (Schwab et al. 1996) . Studies of human waste-impacted sites have demonstrated a high rate of human enteric virus detection by RT-PCR. A report on canals and near-coastal waters of the Florida Keys found that 95% of the samples collected contained enteroviruses, hepatitis A virus (HAV), and/or Norwalk-like viruses (Griffin et al. 1999) . A European study of six river water samples found that all six were positive for enteroviruses, rotaviruses, and Norwalk-like viruses (Gilgen et al. 1997) .
In the present study, a new multiplex RT-PCR method (Fout et al. 2003) , previously tested on groundwater samples, was evaluated by assessing the presence of enteric viruses in 30 samples collected from five stream water sites.
Sites were chosen to represent a variety of water-quality conditions throughout the United States. In addition, a new procedure for measuring matrix effects of water quality on virus recovery was tested, and the importance of quality controls in the interpretation of RT-PCR data is discussed.
METHODS

Sampling locations and site information
Sampling locations were selected from established US Geological Survey (USGS) National Water-Quality Assessment Program (NAWQA) sites located in major hydrologic systems of the United States. To provide wide geographic coverage of the United States and to span a range of hydroclimatic and land-use settings, one site each Water samples were collected for viruses using a portable, self-contained sampling apparatus with control valves.
The sampling apparatus contained a regulator module, a cartridge-housing module with 1MDS cartridge filter (Cuno Inc., Meriden, CT), and a discharge module as specified by Fout et al. (1996) . A 10-µm polypropylene pre-filter cartridge (Parker Hannifin Corp., Cleveland, OH) was placed in front of the cartridge-housing module if turbidity exceeded 75 nephelometric turbidity units (NTU). A single metering module was used to reduce the pH of waters with values greater than 8.0 though the addition of 0.1 M HCl and to seed samples with poliovirus. A double metering module was used when both pH reduction and virus seeding were required. After each use, the sampling apparatuses were cleaned with dilute Liquinox and disinfected with a 0.1% bleach solution, followed by dechlorination with a sterile 0.005% sodium thiosulphate solution.
Two 100-l stream water samples were collected for each sampling event. Samples were collected from a bridge by pumping water through a length of sterile tubing connected to the intake of the sampling apparatus, using standard sampling guidelines (Fout et al. 1996) . Water was collected at several locations within a cross-section of the steam to ensure a representative sample. Immediately following the collection of the first sample, a second seeded sample was collected by adding the contents of one vial of Sabin poliovirus vaccine (ORIMMUNE, Lederle Laboratories, Pearl River, NY) diluted in 1 l of water to the sample during filtration using the injector module. The discharge of the seeded sample was treated overnight with 2.25 l of household bleach. The next day residual chlorine levels were checked, and additional bleach was added if the levels were below 5 ppm. Following adequate disinfection, the bleach was neutralized with thiosulphate and the water disposed of via a sanitary sewer. After collection of the sample set, cartridge housings were placed on ice and shipped to the analytical laboratory.
Sample processing
All samples were processed within 72 h of sample collection at the laboratory using the procedure of Dahling (2002) .
Briefly, viruses were eluted from the 1MDS filter with 1.5% 
RT-PCR analysis
Each sample was analysed for viruses using two multiplex RT-PCR reactions. Reaction A detected enterovirus, were analysed to determine whether cross-contamination occurred during hybridization. RT-PCR products from each control virus were also used with each probe set. This generated one positive control for each set to verify successful completion of the hybridization reaction and four additional negative controls.
An equipment blank control was performed by pumping 20 l of sterile water though a sampling apparatus 10 days after it had been used for the first LERI sample.
The sample was then processed in the same manner as field samples.
Cell culture infectivity assays
Following the completion of the molecular assays, the concentration of poliovirus in seeded samples was measured with a plaque assay technique using Buffalo
Green Monkey (BGM) kidney cells as described in
Chapter 10 of Berg et al. (1984) . Unseeded samples and the equipment blank were measured for culturable virus (e.g. many enteroviruses and reoviruses) using BGM cells as described by Dahling (2002) and typed as described in
Chapter 12 of Berg et al. (1984) . Briefly, each sample was inoculated into a single roller bottle. The presence of virus in samples in all bottles that were positive for cytopathic effects was confirmed by re-passage in tubes (Dahling 2002 ) and by typing.
Determination of E. coli concentrations
Water from several locations in a stream cross-section was combined and analysed in the field vehicle for E. coli using the mTEC agar membrane-filtration method (US EPA 1986). Samples were analysed in 30-, 10-, 3-, and 1-ml volumes in order to obtain ideal plate counts of 20-80 colonies per plate. If bacteria concentrations were expected to be elevated, a 1/100 dilution of the sample in sterile saline buffer was used for the analysis.
RESULTS AND DISCUSSION
Sample site characteristics
The NAWQA sites chosen to evaluate the utility of a new multiplex RT-PCR method (Fout et al. 2003 ) covered agricultural to urban areas with population densities that ranged from 16 to 15,540 individuals per km 2 (Table 1 ).
Water quality parameters from the sites are shown in Table 3 . Water temperatures reflected the winter and early spring sampling conditions, ranging from 0 to 12.6°C.
Water pH values ranged from 5.4 to 8.1 and turbidity from 0.7 to 344 NTU. Escherichia coli concentrations ranged from 59 to 23,000 colony-forming units per 100 ml.
Quality controls
This study used a virus elution and re-concentration procedure that was shown to recover greater than 90% of poliovirus from groundwater (Dahling 2002) . To determine the effects of stream water quality on virus recovery, a new procedure for seeding samples safely in the field was developed. Table 3 shows that recovery ranged from a low of 16% at the LERI site to 65% at the KANA site. Large recovery differences also were observed between individual samples at two of the sites. At the LERI site, the best recovery occurred at the highest turbidity reading. One of the lowest recoveries (18%) was observed in one sample from the EIWA site. The pH of this sample, which was not adjusted during sampling due to sampling problems, was 8.1. Values above 8.0 are known to affect recovery on 1MDS cartridge filters (Sobsey & Jones 1979) . Unfortunately, with the limited number of samples in this study it was not possible to determine specific correlations between water quality and virus recovery. However, the earlier, but it had been thoroughly washed with detergent and disinfected using a standard recommended procedure (Fout et al. 1996) . As a result, the molecular data obtained for enteroviruses were called into question and
were not reported here. This positive equipment blank control suggests that mere implementation of accepted disinfection practices may not be adequate to assure that complete viral disinfection has occurred. In retrospect, the configuration of the sampling apparatus may have contributed to the positive results. The components of the apparatus (including tubing) were fixed in place for convenience of carrying, perhaps making it difficult for the bleach to reach all surfaces. However, no other viruses were detected in the equipment blank by RT-PCR, and infectious poliovirus was also not identified in any unseeded sample, indicating that carryover of infectious virus is rare.
Seeded negative-process controls, hybridization positive controls, and matrix spikes were quality-control samples included in this study to assess the degree to Viruses detected: culture (unseeded sample only)-E, enterovirus; RT-PCR-R, reovirus, Ro, rotavirus, H, hepatitis A.
4
A pre-filter was added prior to the 1MDS filter for samples with turbidities greater than 70 NTU.
5
Virus was detected in both samples of a sample set. 6 ND, not determined. base pairs, appears to be very insensitive to environmental inhibitors in that potentially false-negative results are usually not observed (data not shown).
Culturable virus assay
The unseeded samples from each of the five stream water sites were analysed using a cultural assay. Culturable viruses were detected in 87% of the unseeded samples ( Table 4) . Coxsackievirus B1 was identified in 53% of the positive samples and was a commonly circulating enterovirus at the time of this study (CDC 2000) . Isolates from the remaining positive samples could not be typed, indicating that they were likely either a mixture of human enteroviruses or reoviruses.
RT-PCR assay
RT-PCR has distinct advantages and disadvantages when compared with cultural methods. The major advantage is that many of the viral pathogens that cannot be cultured or those that are difficult to culture can be detected with RT-PCR. In addition, results can be obtained in a much shorter time frame than results from cultural procedures.
The major disadvantage is that RT-PCR does not distinguish between infectious and non-infectious virus particles. In this study, water samples from five NAQWA sites were analysed for enteroviruses, HAV, Norwalk virus, reoviruses and rotaviruses. After exclusion of potentially false-positive results based upon quality controls, reoviruses were detected in 30% of all samples, rotaviruses in 20% and HAV in 17% (Table 4) Although this site has the highest human population density among the sites sampled, reoviruses and rotaviruses were detected in the RT-PCR assay in only one sample.
All the streams showed a considerable level of faecal pollution, except those from EIWA, where all the samples were below 100 colony-forming units/100 ml of E. coli (Table 3) Although health effects were not evaluated in this study, the presence of infectious enteric viruses in such waters has the potential for causing illness in recreational users and in those who use the water for irrigation. Based upon studies of health effects among swimmers in recreational areas (Cabelli et al. 1982) , the US EPA has recommended that fresh waters are safe for recreational use when E. coli levels are below 126 colony-forming units per 100 ml (Federal Register 1986) . In this study, infectious enteroviruses were found in all four unseeded samples collected from sites where E. coli levels were below this recommended level (Tables 3 and 4 ). In addition, reovirus was detected in both samples collected from the first sampling event at the EIWA site. This suggests that indicator bacteria alone may not always adequately reflect the viral quality of waters. However, widespread application of virus monitoring procedures is not currently practical and would likely have to await a reduction in the total cost of virus assays.
CONCLUSIONS
Molecular and cell culture methods were used in this study to assess virus occurrence in five NAWQA stream water sites. Poliovirus recovery, which averaged 45% (Table 3) • equipment blanks be included as a regular quality control in environmental assays for enteric viruses;
• the level of HOCl used for disinfection of sampling apparatuses be increased from 0.1% to 0.525% (i.e. a 1:10 dilution of household bleach);
• seeded recovery controls be run using diluted Sabin poliovirus and sampling apparatuses that are dedicated to this use;
• standard positive and negative controls, negativeprocess controls and matrix spike controls be included with all RT-PCR assays.
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